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Sauer, and F. V. Shallcross. Th. coding of the chip layout was done by
C. N. Meray. J. V. Groppe and C. Y. Taya$ worked on the development of the
low—loss CCD tester. The Air Force Technical Mcnitor was B. I. Capon. of
RADC (ESE).

The manuscript of this report was submitted by the authors on December

15, 1978. Publication of this report does not constitute Air Force approval

of the report ’s findings or conclusions. It is published only for exchange
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GLOSSARY OP SYMBOLS

A • gain of recirculating CCD loop.

BCCD • buried—channel CCD.
CDCS2 • capacitance of dark—current subtraction stage gate

GDCS2 (Fig. 11).
D1 — floating—diffusion reset drain (Fig. 10).

D2 
- — drain of floating—diffusion amplifier output lIDS device

(Fig. 10).

D~~s — drain of dark—current subtraction stage.

DOUT — drain of floating—gate amplifier output lIDS device (Fig. 9).
e — electronic charge (1.6 x 10 coulomb) .
E — bulk—trapping-state energy level.
c — fractional charge lose’ per transfer.

— first—order- € .

— second—order C.
and • first—order c and second order s, respectively , due to

regeneration stage.
533 

— first—order c occurring in regeneration stage when signal

charge is separated from trailing bias charge.
and c~~ — first—order c on leading and trailing edge of a signal.

pulse, respectively.
— CCD clock frequency .

FG1 and FG2 • second—level polysilicon gates on both sides of the floating
gate in the floating—gate amplifier (Fig. 9).

and Gil — input—signal barrier gates of the charge preset input stage

for introducing Q5 and Q~~~~
, respectively (Fig. 7).

and G3 • signal—storage gate (G2) and- the output—barrier gate (C3)
of the charge preset input erage (Fig. 7).

C15 
— dark—current subtraction stage storage gate powered by •l~

GBCS and GBCT — storage and transfer gates for separating Q
5 
and in

the signal—regeneration stage (Fig. 8).
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G
~c~2, 

— gates of the dark—current subtraction stage (Fig. 11).
and Gxs3
G1~~ and — storage and transfer gates of the charge combining well in

the signal—regeneration ..tage (Fig. 8).
G5 • first—level polysilicon gate extending the source diffusions 

-

and S
~~ 

to the gates G~~ and G1Ba

1DCS 
— drain current in dark—current subtraction stage (Fig. 11). -

a — fraction of charg . removed from loop by proportiona l charge
subtractora

— number of signal—regeneration stages.
n — number of transfers between law—loss signal—regeneration

stages.
N — total number of transfers in a CCD register (N — oN).
Nr-~~ — rms noise due to N—charge carriers with Gaussian distribution.

— density of bulk—trapping states [cm 3].
— two—phase clock (applied to storage and transfer gates,

~•ls 
amid •lT) respectively) .

•2 — two—phase clock (applied to storage and transfer gates,
- 

- 

~~2S -—d •2T~ 
respectively) .

,BC — clock for regeneration of the trailing bias charge (applied
and •~~T

) to gates G3~~ and GBCT. respectively, in Fig. 8).

•~~~i~ •DCSZ’ 
— clock voltage, applied to gates G~~si, G~~s2, and G~~s3,

an~ •DCs3 respectively , in the dark—current subtraction stage (Fig. 11) .

•FDT 
— floating—diffusion output transfer pulse (Fig. 10) .

~~ (V0~~) — voltage applied to floating—diffusion output gate (Fig. 10) .
— recircu lation transfer pulse (Fig. 10) .

•ac — clock for combining with in signal—regeneration stage
amid 

~~~ 
(applied to gates 0R65 and GR~~, respectively in Fig. 8).

— subtrscted dark—current charge at each clock cycle.

— signal charge (‘ zero ’ and ‘one’ signal charge levels ,

(Q
5~~ 

and Q51) respectively).
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— trailing bias charge (following Q~~~~~ and 
~~~~~~ 

~~ pectively).
and

S — charge signal (Fig. 12 , Fig. 16) .
S~~ and Sil — input—source diffusions for introduction of Q5 and ,

respectively (Fig. 7).
s/n — signal—to—noise ratio. j
S~~~ — source of the output MOS device in the floating—gate

amplifier (Fig. 9).

T — trailing bias (Fig. 12).
— total delay time,

t and • emiasion and trapping t ime constants , respectively , for bulk—
trapping state.

V~1~ V, LA, etc. — bias voltages applied to the law—loss CCD. See Appendix A,
Table A—i for complete list of bias adjustments.
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EVALUATION

1. This report is the Final Report on the contract . It covers research

done on low—loss CCD devices during the contract period from 15 May 1977

to 15 November 1978. The objective of the research is to investigate the

possibility of operating very long CCD delay lines with, an effective charge

transfer loss on the order of 1O~~ per transfer and a time delay—bandwidth

product on the order of 1o6. Closed loop CCD structures were operated in

the low—loss mode by periodic signal regeneration . The closed—loop low—

loss CCD can be operated as a synchronous signal correlator with signal to

noise ratio improvements from —5 .5db to 12db .

2. The above work is of value since it provides basic knowledge for the

fabrication of new devices for accomplishing signal processing in Cominuni—

cation and Radar Systems. -

BEl9~MIN R. CAPONE
Pr.óject Eng ineer
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SECTION I

INTRODUCTION

The general objective of this program was to investigats the possibility
of operating very long CCD delay lines with an effective charg e transfer loss
on the order of l0~~ per transfer and a time—delay—bandwidth product on the
order of jo6. To accomplish such en improved figure of merit f or CCD delay
lines , we have proposed a concep t of a low—loss CCD by which we have (1) re—
duced the transfer losses in a CCD delay line by two ord ers of magnitud e over
those in a conventional buried—channel CCD , and (2) we have proposed a technique
for subtraction of the thermally generated dark current which increased the - 

-

maximum delay time in a CCD structure also by about two orders of magnitude.
The low—loss CCD concep t consists of operating a CCD structure with each signal— 

- -

charge well followed by one or more trailing—bias—charge wells. The function

of trailing bias charge is to keep the trapping states in the CCD channel filled.
A very low effective transfer loss is achieved by periodically recombining the

charge transfer losses collected by the trailing—bias—char-ge wells with the

corresponding signal—charge packets at low-loes signal—regeneration stages. By

adjusting the level of the trailing bias charge to be above the signal—char ge
level, we can guarantee that the effective transfer losses in a low—loss CCD

are reduced to the second—order trapping losses encounter-sd by the trailing

bias charge due to the modulation of the trailing—bias—charge level by the

first—order trapping loBses experienced by the signal—charge packets .
To demonstrate experimentally the low—loss CCD concep t and the dark—current

subtraction technique we have designed, fabricated, and operated a 256—stage

and a 1024—stage closed—loop low-lose CCD. The c1os~d—loop CCD structures have

the following features:

• Two parallel inputs are provided for each loop. One of the inputs is

used to sample the input signal and the other input is used to form the trail-
ing bias charge following the signal—charge packets.

• Each ioop has one floating-diffusion output with a signal switch. The
voltage pulses applied to the signal—switching gates determine whether the

signal La to be circulated in the loop or transferred out of the loop via the
floating—diffusion output stage.
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• Two independen tly clocked , low—b ee signal—regeneration stages are
placed in the larger , 1024—stage loop. One signal—regeneration stage is in-
cluded in the smeller, 256-stage loop This will enable us to study the
p.rfo rmanc. of the low—loss CCD operation with signal regenerations after- 512,
1024, and 2048 transfers.

• Two floating—gate, nondestructive signal—sensing stages are placed in
- 

each loop on both sides of the low—loss signal—regeneration stage. In the case -

of the 1024—stage loop, only one signal—regeneration stage has the associated

floating—gate output stages.

• Each loop is constructed with a dark—current subtraction stage. The

• dark—current subtractor is designed to remove a fixed amount of charge out of

the C~D loop. -The dark—current subtractor can remove the charge, but not the
noise introduced by dark—current generation.

• The dark—current subtractor has been designed so that it can also be

operated in the charge proportional mode. In this mode of operation , it will
allow removal of 252 of the charge signal out of the loop .

• Each loop has a merged input junction to allow the addition of the in-
put signal to the signal already circulating in the loop.

Section II of this report describes the design , construction, and the
operation of the low—loss CCD test chips. Section III describes the experi-

mental results obtained in the operation of the closed—loop low—loss CCDs in—

cluding an e~~sriaent in which the 256-stage closed—loop low—loss CCD is oper—
ated as a synchronous signal correlator. A simplified analysis of the transfer

losses due to the second—order charge trapping in the low—loss CCD is given in
F Section IV. The design and operation of the tester built for the operation of

the low—loss CCD loops are described in Appendix A. A more rigorous analysis
of the transfer losses in a low—loss CCD due to bulk -trapping st*tes is pre-
sented in Appendix B.
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SECTION II

LOW—LOSS CCD TEST CHIP

A. GENERAL DESCRIPTION OF THE LOW—LOSS CCD TEST CHIP

To stud y the characteristics and the performance of the low—loss CCD
concepts (1], we have designed , fabricated, and operated a low— loss CCD test

array, TC123O. This test array actually includes two separate 4.95 mm x
2.15 mm test chips shown in Figs. 1 and 2. The photomicrograph in Fig. 1 shows
the test chip TC123OA containing a 1024—stage closed—loop low-loss CCD. The

photomicrograph in Pig. 2 shows the test chip TC12308 containing a 256—stage

closed—loop low-loss CCD and a number of process control teat devices. The
L..

labeled photomicrographs of the two closed—loop low—loss CCD test chips bonded

in 48—pin dual—in—line packages are shown in Figs. 3 and 4.

The low-loss CCD test chip was processed following our standard two—level

polysilicon n—channel buried—channel CCD (BCCD) technology with non—self—aligned

diffusions, p~ channel stops, 10004—thick channel oxide, and n+ polysilicon

gates processed ‘with phosphorus—doped reflow glass. The BCCD channels are

25 ~im wide. The gate structure has 10—lAin polysilicon gates with 5—wn spaces,
thus resulting in 30—Mm—long CCD stages. The closed—loop CCD structures were

designed to operate as a two—phase CCD with a de offset voltage to be applied

between the storage gates and the transfer gates, i.e., between the clock

phases •is and •1T’ as well as •Zs and The charge—corners of both closed

loops were designed for a complete charge—transfer operation with the available

two—phase CCD clocks.

B. FEATURES OF THE CLOSED—LOOP LOW—LOSS CCDs

The schematics of the 1024—stage and 256—stage, closed—loop CCDe are shown
in Figs. 5 and 6, respectively. Except foc the fac t that the larger closed—loop
structure has two low-loss signal—regeneration stages, both of these structures

have the same fcatures described below.

1. W. F. Kosonocky and D. J . Sauer, “CCD Long—Time Delay Line,” Air Force
Systems Command Contract No. F19628—7?—C—0l76, Scientific Interim Report,
RADC—TR—1 8 , July 1978.
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Figure 3. Bonded 1024—stage closed—loop low—loss CCD.
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Figure 6. Schematic of the 256—stage low-i~.ss CCD loop.
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1. Input Structure
‘V 

The d.tai l.d layout of the input stru cture of the closed—loop CCDs is
shown in Fig. 7. Two paral lel input channels are provtdsd t one is for the
signals, and the other is for introducin g the trailtng bias charg. between the
signal samples. Thes. input channels have a channel width of 35 a to provide
sufficient dynamic range for a full well in the main CCD register. Th. inpu ts
are operated using standard charge preset (fill—and—spill) with a negativ e
pulse on the input—source diffusions .

G~ G ,~ 6~

ci ci a a

IF 1 ~
S~~4 

p:: 
fl: Rj b—. ~~

_ _  _ _ _ _

~~~

: c~
rt1

G g ~~ 
. ~~~~ L.ø ..lr ~~~~ jr—

Figure 7 . Layout of parallel inputs and merged input junction.

The input signals are introduced into the closed—loop CCD at th. merged
input junction. This junction is designed to operate as a signal adder. Thus,
if the closed loop is empty, a new signal can be introduced into the loop,
However , the input signal can also be added to a signal airsady circulating in
th, loop. The direction of the signal flow i~ built into the merged input
Junction as designated by th. arrows i~ Ti5. 7.
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2. Lov—Loas Signal—Regeneration Stage

The detailed layout of the low-loss signal—regeneration stage #1 shown in
the photograph in Pig. 1 is illustrated in Fig. 8. To increase the charge—

- 
. handling capacity of the potential wells carrying the signal charge combined

with th. trailing bias charge, the width of the CCD channel at this stage was
increased from 25 to 37 .5 ~*m and the length of the storage gates G

~~s 
and

wes increased from 10 to 15 ~aa.

~ 1cS~~~SCT ~~~$~~~~T

f1j~ J.~IiJ”{
El 

I 1 ~ ~~~ 
- 

G~OT 
- ‘V

p Lri c ia  ‘t~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1~~~~~~~~~~4~~~
NNEL

~~~~~~~~~ :- ~~~~::
Figure 8. Layout of the low—toss signal—regeneration stage.

Another design feature of th. signal—regeneration stage tha t should be
mentioned is the incr eased length of the trailing ‘ias—charge generating trans-
fer gate, cL~~, The length of this gat. was increased from the typical value
of 5 ~ia to 10 um. The longer barrier formed under this transfer gate is pro-
vided to give lower charge—transfer loss at this incomplete charge transfer
which separates the signa l charge from the trailing bias charge .
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The two lov-losø signal—regeneration stages in the 1024.-stage loop are
laid out for operation with separate clock pulses. Thus , this loop can be
operated either with one or two low—lose signal regeneration.. Of course,
there is alway, the poesiblity of operating the closed loop as a conventional‘V 
two—phase CCD not involving the low-lose ‘ignel regeneration . The operation
of the low-loss signa l regeneration is described in Section II.C.

3. Floating—Gate Outputs

Two floating—gate , nondestructive signal—sensing stages are placed in
each loop on both sides of the low-loss signal—regeneration stage . In the
case of the large loop, with a 1024—stage, two—phase CCI), only one signal—
regeneration stage has the associated floating—gate output stages. The layout
of the floating—gate output stage is illustrated in Fig . 9. The signal—sensing
floating gate of this stage can be periodically reset to a reference potent ial
V~~ by a clock pulse The function of two externally controllable dc levels,V 

FG1 and FG2, is to provide isolation from the two—phase clocks and to assure a
complete charge transfer at this floating—gate output [2).

4. Floating—Diffusion Output

The signal is removed from the closed—loop CCDs by the floating—diffusion
output stage. This stage provides the destructive readout from the loop. The
layout of the floating—diffusion output stage is shown in Fig. 10. The floating—
diffusion output is controlled by the transfer pulses •

~~T 
(floating—diffusion

transfer) and ~~~ (z,ecirculatjon transfer) operating in conjunction as comple-
mentary pulses.

5. Dark—Current Subtraction Stage

Each loop is conStructed with a dark—cu,-rent substraction stage illustrated
by the layout sh-~wn in Fig. 11. The operation of this stage, which can be ad—
j usted to remove a fixed amount of charge from the loop, will be described in
Section II.E. This dark—curren t subtraction stage, however, can be operated
also as a proportional charge subtractor. In this mode of operation, this stage
will allow a removal of 252 of charge from the signal—charge packets and/or
2. V. F. Kosonocky and J .  E. Carnes, “Basic Concepts of Charge—Coupled Devices ,”RCA Rev. 36, 566—593 (1973).
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Figure 11. -Layout of the dark—current subtraction stage.

~~~~~~~~~~ the trailing bias—charge packets. The operation of the dark—current subtraction
stage operating as a proportional subtractor has not been tested.

C. OPERATION OF LOW—LOSS CCD

The low—loss CCI) concept is based on operating a CCI) register in such a
way that each signal—charge well is followed by at least one trailing veil.
The function of the trailing veil (or veils) is to collect the charge left
behind during each transfer of the signal—charge packet. Then, periodically,
after a number of transfers, ~the charge collected by the trailing veils is
recombined with the corresponding charge—signal packet e.~ a low-loss signal—
regeneration stdge. Therefore, a low—ios~ CCD with one trailing well follow—
ing each signal—charge well will recover the first—order transfer losses, i.e,
the losses of the fit st loss trailer of a conventional CCI) register.

The relatively constant transfer losses in aurface—channel and buried—
channel CCDs at the intermediate and low clock frequencies are attributed to

- -  
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the “edge—effect” type of charge trapping (1—6). Therefore, to achieve the

best performance, the trailing wells should contain a large bias charge (fat

zero) that is adjusted to be larger than the maximum charge in the signal wells.

Such a large bias charge placed in the trailing wells between each signal well

is expected to have the maximum effect on maintaining the trapping states of
the CCD channel filled, hence, minimizing the edge—effect losses. It should

be noted that the charge left behind in each transfer of the large bias charge

will be practically the same at each stage. Therefore, such steady—state transfer

1~ss of the large trailing bias charge will not appear as the transfer loss of
the signal, but rather as a small shift of the signal—bias—charge level. At this

point we should also add that for the optimum performance the signal wells should

also contain a certain amount of bias charge in addition to the signal charge.

The operation of the low—loss signal—regeneration stage consists of first
recombining the signal charge with its respective trailing bias charge and

then separating the signal from a regenerated (reshaped) trailing bias charge.

Therefore, the effective transfer losses of a low—loss CCD operating with one

trailing bias charge are due to the second—order trapping losses resulting from

the modulation of the trailing bias charge by the fi rst—order trapping losses
of the signal charge. For further discussion of the nature of the effective

transfer losses of a low—loss CCD see Section IV and Appendix B.

D. LOW—LOSS SIGNAL REGENERATION

The construction and operation of a low—loss signal—regeneration stage is

illustrated in Figs. 12 and 13. The charge—coupling structure of the signal—

regeneration stage is shown schematically in Pig. 12(a) in the form of a two—phase

3. W. F. Kosonocky and 3. E. Carnes, “Design and Performance of Two—Phase
Charge—Coupled Devices with Overlapping Polysilt con and Alut~inum Gates,”
Digest of Technical Papers, 1973 International Electron Device Meeting,
Washington, D.C., 123—125, Dec. 3—5 , 1973.

‘
• C. H. Sequin and M. F. Tompsett, Charge Transfer D6~) iee8 (Academic Press ,

New York, 1975), pp. 10—108.
5. M. F. Tompsett, “The Quantitative Effects of Interface States on the Per—

formance of Charge—Coupled Devices,” IEEE Trans. Electron Devices ED—20,
45—55 (1973).

6. A. N. Mohsen and N. F. Tompsett, “The Effects of Bulk Traps on the Per-
formance of Bulk Channel Charge-Coupled Devices,” IEEE Trans. Electron
Devices ED—21, 701—712 ().974).
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Figure 12. Low-loss CCI). (a) Charge—coupling structure.
(b) Potential wells illustrating the operation.
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Figure 13. Clock waveforms for operation of the
low-loss CCI) shown in Fig. 12.
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CCD. The transfer of the charge packets in and out of the signal—regeneration

stage is illustrated in Fig . 12 (b) by means of channel potential profiles at
tima instants (t1,t2,t3,t4, t5, & t~) which are indicated on the clock waveforms
shown in Fig . 13. To explain the operation of the low—loss signal—re generation
stage , we will focus our attention on the transfers of signal charge S1 and

its trailing bias charge (fat zero) T1. The signal—regeneration stage first

combines the signal charge S~ with the contents of the trailing well, which

in addition to the trailing bias charge T1, also contains the first—order

transfer lossss. Then, one clock cycle later the regenerated signal S1 is
separated from its trailing bias charge T1. To accomplish the above functions
two additional clocks , •~, and • , are required . The clock $~ delays theBC L-I G

signal charge S by one clock cycle, i.e., from time t to t • Because of this 4
delay at time t3, the signal charge S1 is combined with the trailing bias charge
T1 and the first—order transfer losses contained in the trailing well. At time

the combined charge (S1 + T1) is t ransferred to the adjacent potential well
induced by clock *1. Note, however, that the adjacent CCD well is pulsed by a

double—f requency bias—charge generating clock •BC. The result is that at time

the signal charge, S1, is skismed by the potential barrier formed under the
transfer gate and stored in the storage well formed by •~c. Then at time
the signal S1 is advanced forward to an empty well powered by the adjace.~t •~clock. The function of the clock is to establish -a transfer barrier V8c
which leaves a regenerated trailing bias charge in the well induced by the
clock $1. Th. beginning of the next cycle of the signal—regeneration stage is
illustrated at time t’1.

In general, the signal—regeneration stage described delays tue signal, S1,
at time t

3 by one cloc k cycle. This delay results in combination of the signal
S1 with its trailing bias charge T1. Also at the same time an empty veil is —

generate,. at the following well. The signal S1 is advanced by one cycle (at
V times t4 and t5) by the double frequency tra iling—bias—generat ing clock •BC

(see Fig. 13) and transferred into this empty well .* At this point it should
be noted that the same hasic operation can also be obtained by using a slower

5The operation of the signal regeneration described here differs from that
reported in Ref. 1. In the case of Ref. 1 the signal regeneration result
is a net delay of the signal by one clock cycle, while in the present case (
there is no such additional delay.

- I
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shown in Fig. 13. The $~~ ‘ clock may be preferable for operation
of the low—loss CCD at higher clock frequencies.

Referring to the channel potential profiles in Fig. 12(b), we see tha t
the signal charge, S1, is always followed by the trailing bias charge T1,
except during th. transfer at t ime t4. At this transfer the first—order
transfer loss, e~ , results in a net transfer loss of ciQsi, that , at time t ’1

• will be combined with the following signal charge , Q~~~~. Another charge transfer

also involving first-order trapping loss that requires special attention is the

transfer at time t’1 which separates the trailing bias charge T1 and the signal

charge S1. This transfer is referred to as an incomplete (or bucket—brigade

type) charge transfer (2,7], To assure higher charge—transfer efficiency at

this point, the transfer gate powered by •BCT and generating the barrier potential
was designed longer (10 ~.un long) as shown in Fig. 8. Experimental results ,

however , showed that even with the above modification we have about 0.7% charge
transfer loss at this transfer. This transfer loss was reduced to 0.1% by an

externally modified clock 5C so that ski~mning of the signal charge (as shown
at t4 in Fig. 12(b)) and dumping It into the next empty well (as shown at time

in Fig. 12(b)) was repeated twice :* the first time, to transfer most of
the charge Q51, and then again to measure—off the trailing bias charge with an
approximately empty storage well under the clock •Bc The results of this test
are described in Section III.D.3.

E. DARK—CURRENT SUBTRACTION V

The construction and operation of a dark—current subtraction stage are

illustrated in Fig. 14. The cross—sectional view of one gate of a CCD register,

and three gates of the dark—current subtraction stage are illustratud in
Fig. 14(a) . Operation of the dark—current subtraction stage I.e illustrated by
the channel potential profiles shown in Figs. 14(b), Cc) and (4). In Fig. 14(b),

the charge signal introduced into the storage gate Gis of the CCD register spills
over into the potential well under the gate G~~52. Then , in Fig. 14(c), the
charge signal is spilled back into the potential well under the gate Gis while

7. W. F. )Cosonocky and J. E. Carnes, “Two—Phase Charge—Coupled Devices with
Overlapping Polysilicon and Aluminum Gates,” RCA Rev. ~~~~~, 164—202 (1973).
*The modified double •gc is not included in the tester described in Appendix A.
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Figure 14. Construction and operation of the dark—current subtraction stage.

a small, fixed amount of charge 
~~ 

is left behind in the potential well under
the gate 

~~cs2’ 
Finally, as shown in Pig. 14(d), the charge subtracted from

the CCD channel, Q~~~~, is spilled to the drain VDD. This operation can be
— accomplished at the same time as the signal charge is transferred out from the

well under tb. gate G1~.
Assuming that the same type of surface channel is constructed under all

the gates in~Fig. 14 (a) , the charge Q~~~ removed by the above process is

- CDCS2 (VDCS2 — vxs1’) (1)

- I where ~~~~ is the capacitance of the gate GDcs2~ For a buried-channel CCI),
CDCS2 viii represent an effective capacitance associated with the gate GDCS2.
The only requirement of the above charge—scooping operation is that the charge
Q~~ be constant and independent of the signal—charge magnitude. Also, for any
given long CCD delay line, the magnitude of the charge Q~~ to be removed from
the CCD structure should be controlled by a self—adjusting feedback circuit.
This was done in the operation of the closed—loop CCD devices , described in
Section III.
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Since th. dark—current subtractio n stag e removed a fixed amount of charge
fro . a CCD str ucture , it can supp ress the effect of the dark current on the
reduction of the charge—handling Capability of the CCD veils. But, it is not
expected to remove the shot noise generated by the dark current. In fact , the
process of the dark-current subtrac t ion will also introduce a kTC noise (8].

Let us assume tha t the full—well signal charge in a buried—channel CCD
corre spond s to io6 charg e carrier s and has a/n — 5x103. Now, if this CCI) is
operated with 10 dark-current subtraction stages, each removing 10% of f ull
well of dark-current generated charge , the total generated dark—current charge
Will correspond to 106 charge carriers. The resulting rms noise will be

N~~ - 
~~~~~~ 1O3 . (2)

and the s/n will be decreased to

s / n — b 3 . (3)

Now, let us assume tha t the time delay is increased 100 t imes by operating
the above C~D as a closed—loop structure with 100 signal recirculations. The
resulting shot noise introduced by the dark current should be increased to

— ~Gi. XO~ (4)

and the s/n shou’.d be decreased to

s/n — i® (5)

The above analy sis, however, does not include the reduction in the noise
due to the time—dependent bandwidth limited operation because of the transfer
losses in the operation of the low-loss CCD with very many transfers. Our
experimental results (see Section UI,D) show that when thE closed—loop CCD
Is operated with the dark—current subtraction in the loop, adjusted to remove

8. .1. B. Cam e. and V. F. Kosonocky, “Noise Sources in Charge—Coupled Devices,RCA Rev . 33, 327—343 (1972).
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the thermally generated dark current , th. shot noise due to the dark current
does not increase progressively but rather tends to saturate at a relatively

low value. The result is that the closed—loop CCD structure can be operated

continuously with a closed loop without developing appreciable dark—current

noise (see Section III.D for more discussion of this effect).

F, CLOCK WAVEFORMS FOR THE OPERATION OF THE CLOSED—LOOP CCDs

When operating in the low—loss mode, the 256—stage loop stores 128 signal—
charge packets, and the 1024—stage loop stores 512 signal-charge packets. The

exact positions of the output stages along the CCD delay line described pre—
viously are listed in Table 1. The merged input junction (under the •2S storage
electrode) is stage #1 (see Fig. 7), and subsequent stages are numbered in order
counterclockwise around the CCD loop. Note that from the dual-channel input
metering wells under gate G2 to the merged input junction, there is a two—stage
delay. Thus, the input -may be considered to be at stage 0—1 since these two
stages are not actually part of the closed—loop CCD.

TABLE 1. LOCATIONS OP FUNCTIONAL STAGES

Position of Stage Along CCD Loops
- 

256-Stage Loop 1024—Stage Loop

1. Dual—Channel Input (Fig. 7) —l —l

2. Merged Input Junction (Fig. 7) 1 
~~~ 

1 
~~~ 

V

3. Floating—Gate Output 01 (Fig. 9) 135 
~~~ 

904
4. Signal Regenerator (s) (Fig. 8) 139 

~
•2~ 

(506)
908 

~~~
5. Dark—Current Subtractor (Pig. 11) 145 (0~~) 914
6. Floating—Gate Output 02 151 

~~~ 
920

7. Floating—Diffusion Output (Fig. 10) 253 (01) 1021

A simplified- timing diagram for operation of the 256—stage CCD loop is
af.own in Fig. 15. As described in Appendix A, the CCD clock frequency 

~~ 
is

divided down to provide a LOOP SIZE signal (f
~
/2
9) whose pulse width corresponds

to th. length of the CCD loop (256 clock cycles), and a TOTAL DELAY signal

~~~~ 
/211) whos, period determines the overall test cycle time. The leading
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Figure 15. Simplified timing diagram for the 256—stage closed—loop CCI).

edge of the TOTAL DELAY signal initiates Loop Cycle N during which is

pulsed for 256 clock cycles which reads out all of the charge stored in the
-
- - CCI) loop via the floating—diffusion output stage. This period is followed by

Loop Cycle 0 during which new signals are introduced into the CCI) register at
the dual—channel input stage and charge is recirculated by pulsing +REC•

Figure 16 is a timing diagram for the 256— and 1024—stage, closed—loop

CCDs operating in the low—loss mode. A more detailed timing diagram for Loop

• Cycle 0 is shown in Fig. 17. The input signal is applied to gate Gj.A~ 
Ir~ the

timing diagrams a data input pattern of 0 1 1 0 is used . Note that a ‘1’ level 
V

— 
corresponds to a more negative level on the input gate G~~ and t’te negative S~~
strobe pulses occur when $1-is off. The S~~ pulses occur during even clock

V cycle times and S18 pulses (for introducing trai1in~ bias charge in the second
input channel) occur at odd clock cycle times. A total of 128 SLA and 128 S13
pulses occur during Loop Cycle 0. At tf’e beginning of Loop Cycle 1, the

s~~,S1~ pulses are inhibited and no further cbatge is introduced to the CCD

via the dual-channel input stage.

At the beginning of Loop Cycle 0, the transfer out of the floating—diffusion
stags ends by terminating the •FDT pulses, and the recirculation mode is started
by initiating the 

~~~ 
pulses. In the 256—stage loop, the first signal S1

V.

V 
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Figure 17. Detailed timing diagram of loop cycle 0 in Fig. 16.

appears at the floating—gate output #1 during clock time 136 in each loop cycle ,
and the bias charge trailing behind signal S1 appears at clock time 137 as
shown in Fig . 16.

During Loop Cycle N the signals are transferred to the floating—d iffusion

output by applying pulses to and inhibiting •
~~c’ 

The first signal to
appear at the floating—diffusion output (during clock time 0) is S2. Signal

S1 appears during clock time 254 after signal S128 at the end of the data

stream. This reordering of data is due to a two—stage differential delay
between the input stage to the merged input junction and the floating—dif.tusion

• output stage to the iiw~ ged input junction. •

The timing for opet ation of the 1024—stage CCD loop is very similar to

• that for the 256—stage CCD loop and is also shown in Fig. 16. In this case ,
a total of 512 signals are stored in the low—loss mode of operation.
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SECTION III 

—

EXPERIMSNTAL DATA ON THE OPERATION OF 256—STAGE and 1024—STAGE
CLOSED—LOOP LOW— LOSS CCDs

A. TYPICAL OPERATING WAVEFOR~~ I 
-

The actual clock waveforms used in the operation of the 256—stage and the
1024—stage closed—loop low-loss CCDs are illustrated in Fig. 18. The mos t
critically controlled waveform was the bias—charge generating clock 

~~~~ 
The

rise—time of this clock was adjusted to guarantee no overshoot. The upper

clock frequency of the clock waveform generator used in these experiments was
I — 2.2 tEz.

C
Typical oscilloscope pictures of the output of the 1024—stage closed—loop

low—loss CCI) detected at the nondestructive floating—gate are shown in Fig. 19.

Part (a) shows the detected output for seven recirculations of the signal fol—
V loved by dumping of the signal charge out of the loop via the floating—diffusion

output. Part (b) shows an expanded view of the detected signal af ter  14096
transfers in th. loop. The detected signals in Fig. 19 consist of “one” signal—
charge level, Q , “zero” signal—charge level , Q , and the trailing—bias—

- I char ge Level,

B. INPUT/OUTPUT TRAN SFER CHARACTERISTICS

The input transfer curve shown in Fig. 20 illustrates the calibration and

the linearity of the dual input stage of the 1024—stage or the 256—stage closed—
loop CCD. This curve was obtained by operating the input stage (one channel)

- 
~- 

in the standard ~harge preset (fill—and—spill) mode with a dc bias applied to
the gate C2 and the input voltage. VG1, applied to gate G~~.

Typical floating—gate output characteristics measured for two different

1024—stage closed—loop low—loss CCDs (TC123OA ) are shown in Fig. 21. In this

test we are comparing the signal charge, Q ,  with the observed oscilloscope

waveform of the floating—gate output . The signal charge , Q ,  was measured in
this test , as well as in the case in Fig. 20, by an electrometer . An inspec-

tion of Fig. 21 shows that the floating—gate output stage has a linear output

transfer curve.

— -  —~~~~~~ 
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C. TRANSFER LOSSES FOR STANDARD TWO—PHASE CCD MODE

The measured transfer loss as a function of clock frequency, f , of a

256—stage closed—loop CCD operating in a standard two—phase CCD node is shown

in Fig. 22. This data was obtained for closed—loop operation with 20% of

full—well bias charge (fat zero), and illustrates the first—order (standard)

transfer losses as a function of clock frequency due to the trapping of charge

by bulk states present in buried—channel CCDs. A more quantitative characteri—

zation of the charge—trapping losses due to the bulk—trapping states is pre—

sented in Fig. 23. The curves show the transfer loss of a leading signal “one”
in a string of “ones” as a function of time between the string of ones for

operation with no bias charge- in (a), and 20X bias charge in (b). This type -of

double—puls. test can be used to identify the emission times and calculate the
densities of bulk traps in a BCCD [6]. Our data suggest the presence of two

traps with the following densities and emission times:

(1) N
~i 

— 3.6xlO~~ ~~~

te l_ S  6~~a

—5 
____________________________________________________________________________5~ 10 I l — h ill ~~~~~~~~~~ h I 1 I J h l ~ 1 1 1 1 11

—5
4*10 V

0 IIIIIII I I I I I I I I I  I I i i i i i i t  i I 1 1 1 1 1 1

I 10 tOO 1000 10,000
CLOCK FREQUENCY (kilt )

Figure 22. Transfer loss for closed—loop 256—stage CCD operating with
a standard two—phase clock and 20% bias charge (fat zero)
as function of clock frequency.
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The transfer loss measurements for the data in Fig. 23 were obtained by
the operation of our 1024—stage device as an open—loop standard two—phase CCD.

A typical output waveform observed during this double—pulse test is shown in
Fig. 24.

• Ii. TRANSFER LOSSES FOR LOW—LOSS MODE OF OPERATION

I. Performance of Closed—Loop Low—Loss CCDs

The performance of the 256—stage closed—loop low—loss CCD is illustrated

by the waveforms shown in Fig. 23. As demonstrated by this figure we have
of 2 5x1achieved an 
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Figure 24. Typical output waveform for double—pulse test of trapping losses
after 1808 transfers of open—loop 1024—stage CCD operating with
standard two—phase clock — 1.1 !QIz.

effective transfer loss of the low—loss CCD as the transfer loss of the leading
edge of an input pulse (the first “one” in a string of “ones ”). The effec tive
low—loss CCD transfer loss is

~Q51(1)
1 (6)

“~S1 
‘ISO’

where &%1(l) is the difference between the initial value of the “one” at the
input ( i .e . ,  as detected in the first recirculation) and the first “one” after
N transfers , is the amplitude of th. signal charge “one,” and is the
signal charge “zero. ” For the waveform in Fig. 25 we have used typical signal
levels with -

0.2 
~TB

where Q,~ is the trailing bias charge adjusted just below the full well of the
BCCD.
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The observation of the waveforms shown in Pig. 25 indicates that the
transfer losses obtained in the low—loss CCD are about two orders of magnitude
lover than the transfer losses of the same device opera ting in the standard
two—phase CCD mode. Fur thermore, the transfer losses of the low—loss CCD are
qualitatively different from the standard CCD losses . First , the low—loss CCD
losses appear to be symmetrical between the leading and the trailing edge of a
signal pulse , i.e., about the same transfer loss is observed for the first

“one” following a string of “zeros ” as for the first “zero” following a string of V

“ones.” Secondly, when a pulse input is used, the detected output after a

large number of transfers (i.e., N on the order of 3.06) tends to have a long
rise time that is some nonlinear function of the emission times of the bulk

traps. A similar time constant is also present at the trailing edge of the
pulse . The effect of the long time constant on the output waveforms is illu-
strated in Fig. 26. Here, we show two output waveforms of a 1024—stage closed—

loop low—loss CCD in the double—pulse test at clock frequency of (a) 1.1 1hz,

and (b) 140 kliz. As shown in (a) a short pulse with a total delay time,
of 0.2 a exhibits a transfer loss at the leading edge in combination with some

attenuation. However, a long signal pulse aftet a time delay, tDl of 3 s ex-
hibits a rise time that is directly related to the time delay between the two
signal pulses. Note, the larger transfer loss at the leading edge of the first
pulse is -due to approximately one loop delay time between the second pulses and
the first pulse !n connection with the long rise time obtained in the output

of the low—loss CCD after a large number of transfers , we would lik. to point

out that a short output pulse will appear at the output attenuated with an
apparent transfer loss that is smaller than determined by Eq. (6).

It is also interesting to note that the signal charge used in this test
is — — 0.3.2 pC, which corresponds to about O.8x106 electrons. This

means that while in the standard CCD mode the transfer loss of l.6x10~~ per

transfer corresponds to an average charge trapping :of 13 electronE ., In the low—

loss CCD mode the transfer loss of 2.5x10 1 per transfer corresponds to an ef-

fectiv . average charge trapping of 0.2 electrons per transfer.
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Figure 26. Output waveforms for double-pulse test of trapping losses in
closed—loop low—loss 1024—stage CCD.
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2. Effect of Bias Char ge

The operation of a 1024—stage closed—loop CCD in the low-loss mode and the

effect of bias charge on the transfer losses are illustrated in Fig. 27. Parts
(a) and (b) compare the detected signal. for — 0.2 after 1808 transfers
with the detected signal after 4.4z105 transfers, from which a transfer loss

—7of 5.ixlO per transfer is estimated. Comparison of (c) and (d) shows the

improvement in the transfer loss from 2.8xl0 7 to 2.4xlO 7 as is in—

creased from 0.4 to 0.6. Then in (e) we show the operation with — 0 . 8

in a negative input signal pulse or -Q
~~/Q~~ 0.2. In this case the transfer

loss is 2.8~10~~ per transfer. Finally , the comparison of (c) with (f) shows
the change in th. pulse signal as the number of transfers, N , is increased from
4.4x105 to 2x106. The general conclusion of the above test is that signal bias
charge Q~~ — 0.4 is sufficient to achieve the minimum transfer losses.

Also, the transfer lois for negative signal. pulse in the presence of large Q~~
is lower but still comparable to the transfer loss for positive signal pulse.

3. Optimization of the Low—Loss Signal Regenerator

Our study of the operation of low—loss CCD loops indicates that the effec-
tive transfer losses are associated with a second—order trapping of charge by
the bulk states from the trailing bias charge . The magnitude of the trailing
bias charges is slowly modulated by the fir st—ord .r trapping losses of the sig-
nal charge. The second—order trapping loss involves only th. amount of trailing

bias charge, Q~~1, following the “one” signal charge , that is large r than

the preceding trailing bias charge , 
~~

o. In other words, the second—orde r
trapping loss is due only to the charge signal difference ,

AQm — 

~mi — 

~~~ - 

(7)

In view of the above transfer loss m.chanism for the low-loss CCD, which
is described furthe r in S.ct ton IV and Appendix B , it is important that the
traili ng bias charge regenerated periodically at the low—loss signal regenerator
be constant and independent of the signal charge magnitude. Our study of the
operation of the regenerated trailing bias charge indicated that the incomplete
charge transfer taking place when the signal charge is separated fro. the regen—
crated trailing bias charge (see Fig. 12(b) at t4) produced a first—order
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transfer loss of about 7x1O~~. We observed this effect initially by comparing
the trailing—bias—charge waveform detected by floating—gate amplifier No. 1
with the vavefors detected by the floating—gate amplifier No. 2. Assuming a
first—order charge—trapping loss of c1 3x10 5 the second—order trapping loss
will, be ‘2R — 7x10~~ x 3x10 5 

— 2.lzlO 7 per transfer.
To reduce this second—order trapping loss we have modified the operation

of the signal regenerator so that this incomplete transfer is accomplished by
a double clock in two steps. First, the major part of the signal is trans-
ferred forward to the adjacent empty well and then the final level of the trail-
ing bias is established with very small signal in the receiving well. The
operation of a 1024—stage closed—loop low—loss CCD with the original and the
double clock is illustrated on the lef t  and the right side of Fig. 28. The
two types of bias—charge generating clocks are shown in part (a—l) and (a—2).
Parts (b—I) and (b—2) show the step in the trailing bias charge , due to the
signal charge Q~~. For the original clock in (b—l) AQTB/QSl

_Qso —

7x1O~~. For the double •~c clock , 
~~~~~~~~~ 

— l0~~. The actual transfer
losses measured af ter 2.8zl05 transfers can be compared between (c—i) and (c—2)
as 1.07z10 6 for the original case and 8.9xl O 7 for the operation with the
double—pulse •BC clock, Not e, the d i f ferential decrease of the transfer loss
is 1.8zl0~~ as compared to 2.1xl0 7 based on our estimate for ‘- 7x10 3 x
3xlO~~ — 2.lxlO 7. The generally larger transfer loss , in the range of lO

_6
,

is typical of an operation at a low clock frequency of 4 kRz. -

Since the effective transfer loss of the low—loss CCD is due to the
second—order charge trapping of the trailing bias modulated by the signal
charge, an experi ment was performed where by the signal detected at floating—
gate amplifier ! ~. 1, preceding the signal regenerator , was delayed by the proper
amount to adjust the level of the trailing bias charge in an (adj us table) in—
verse direction to the signal charge . The result of this experiment with feed—
forward—comp.nsat.d signal regeneration is illustrated in Fig, 29, where an ef— 

,~~~~

fsctive transfer loss of 4.SxlO 8 per transfer was achieved.
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Figure 29. Operation of closed—loop low—loss 1024—stage CCD

with feed—forward—compensated signal regeneration . 4. ,

E • DARX-CURRZNT SUBTRACTION V

1. Variation of the Dark Current With the Signal Charge - 

- 
-

One of the possible limitations of the effectiveness of the dark-current i
subt ractor is, that if the dark curren t is signal—dependent , the operation with - ,
a periodic subtraction of a fixed amount of dark current will lead to some form
of nonlinear signal, degradation of the output. To verify this we have made a ‘

4

test in which a closed CCI) was operated with certain constant levels of signal ‘

charge while the dark—current subtractor was adj usted to remove the excess
signal. In this test, the subtracted charge, which was measured by an electro-
meter as a drain current, ~~~~ was equal to the thermally generated dark cur-
rent. he measured curves for two 1024—stage devices of the drain—current, 

V

~~~~ representing the average thermally generated dark current , as a function V

of the signal charge, Q5, are shown in Fig. 30. These tests indicate that in
our buried—channel CCDs there is a large range of signal for which the dark -

current is relatively constant .
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2. Performance of the Dark—Current Subtractor

The operation of the dark—current subtractor is illustrated in Figs. 31,
32 , and 33. In Fig. 31 we are comparing the operation of a 1024—stage closed—
loop low—loss CCD without aubtracting the dark current in (a) and with dark—
current subtraction in (b) . This comparison is made again in Fig. 32 , but with
only the signal bias charge , 

~~~~~~ 
and the trailing bias charge, Q~~, introducedin the loop . As we see in Fig. 32(a) the signal bias charge , Q~ )~ increasesto the level of the trailing bias charge , Q.~~, (which - is periodically regen—

crated) in about 0.4 s. Then in &bout 0.7 a , reaches a full well and
starts spilling into the trailing bias charge . The operation of the closed—
loop low—loss CCI) is shown in Fig . 32(b) with the dark-current eubtractor ad—
justed to remove the excess thermally generated current. sow, we observ , no
accumulation of dark current for a total delay tins of the signal in the
closed loop of 7.5 a.

The performance of the closed—loop CCD operating in the standard CCD mode
in Fig. 33(a) with transfer loss of 5.4xl0 5 

per transfer and a delay, tins,
of 0.5 s is compared with the low—loss operation ‘in Figs. 33(b), (c), and

Cd) with the delay time, during which the signal is being recirculated in the
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Figure 31. Operation of the closed—loop low—loss 1024—stage
CCI) at 

~c 
— 140 kllz in (a) with dark-current

subtractor OFF, and in (b) for dark—current
subt ractor ON. 
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Figure 32. --Waveforms of zero—level signal, Qso, and trailing bias
charge, Q~~

, in closed—loop low—loss 1024—stage CCD at
140 kliz: (a) f or dark—current subtractor OFF

and total delay time -r~ — 0.925 s and (b) for dark—
current subtractor ON and TI) — 7.4 ~~•
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loop, progressively increased from 2 a , to 5 a, and finally to 10 a. The

waveform in Fig. 33 demonstrates that a signal can be recirculated for up to

10 a with the dark—current subtractor in the loop. In fact , the only limitation

on how 1o~g the signal can be delayed or recirculated is not imposed by the dark
current but by the transfer losses which tend to be larger at lower clock fre—

quencies. As indicated in the next section , the shot noise introduced into the

CCD by the dark current does not seem to accumulate appreciab ly .

3. Noise Introduced by the Dark Current

One of the more suprising results of our test of the closed—loop low-loss

CCDs is that we have found that with the dark—current subtractor in the loop
the dark—current shot noise does not seem to accumulate. This is demonstrated

in Fig. 34. Here, the signal is in the form of a constant bias charge, Q~~
.

The photograph in Fig. 34(a) shows the detected waveform during the first re-

circulation of the signal where we observe a’ peak—to—peak noise level of
V 1 — 0.8 mV, or V’ 0.13 mV . For Q 95 my, we estimate the initial
(p—p) rms SO

S/flrms — 57 dB. Then in Fig. 34(b) after a recirculation delay time of 1.0 mm ,

the value of V”(~_~) ~ 1.2 mV, and the final s/n 
— 54 dB. Since a full well

of charge is generated in this device in about 0.5 a, in 1.0 mm 120 full wells

of dark - ’urrent charge are generated . A full well corresponds to 100 mV,

0.12 pC, or 7.5xl0
5 
electrons. Thus, the expected shot noise due to the full

well of dark current is 9400 electrons . However , the rms noise in Fig. 34(a)
of Vt — 0.13 mV corresponds to N ’ 975 electrons. Then, af ter aN(rms) rms
dulay time of 1.0 mm with 120 full wells of dark current subtracted , the
m~asured noise corresponds to V”N(P_P) 

— 1.2 mV, 
~
“N(rma ) — 0.2 mV, or

1500 electrons. Assuming that in Fig 34(a) all the noise is due to

the output amplifier, then in Fig. 34(b),

— 1500
‘ amplifier dark current

or

Ndark current — 1133 electrons, corresponding to the effective number of rms

noise electrons due to the dark—current generation of 120 full wells of charge.
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Figure 34. Amplified output waveforms of • 95 mV and QTB 100 mV
fa r closed—loop low—loss 256—stage CCD at 

~~ 
— 140 kllz,

- showing (a) the initial noise level, and (b) the steady—
state noise level (after a delay time rI) — 1.0 m.tn).
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The above number should be compared to the calculated m s  noise of 9400
electrons corresponding to 120 full wells of dark current. The above reduc—
tion of the dark—current noise may be attributed to the signal correlation be—
tween adjacent charge packsts due to the charge transfer losses • This means

that while the shot noise due to the dark curren t will saturate due to the sig—
- ‘ nal averaging effect caused by the transfer losses , we cannot also maintain a

signal in the loop indefinitely without dispersing it. There is, however, at
least one application where we can use this effect . Namely , a continuously
recirculating low-loss CCD loop with a proportional charge subtractor operating

as a synchronous signal commelator . In this case the gain of the loop will be

A — 1  (8)

where m is the fraction of charge removed from the loop by the proportional

charge subtractor.

F. SYNCHRONOUS SIGNAL CORRELATOR E~~ERI?€NT

In order to evalute the performance of the closed—loop low—lois CCD in

applications such as radar post—detection correlation , the TC123OB 256—stage
delay line was operated as a synchronous recirculating corralator with a con-

tinuous input. The input signal consisted of a repetitive pulse occurring at 
- 

-

each loop cycle period (256 clock cycles) mixed with random noise. The power

spectrum of this random noise is shown in Fig. 35. Continuous S~~ strobe

pulses were applied to the CCD input stage so that input signal charge was
added continuously t~ the signal charge already recirculating in the loop ;
however, the trailing bias charges were only introduced once (during Loop

Cycle 0). The input—signal bias level was adjusted to be about 10% of a full

well, and then the dark—current subtractor was adjusted to subtract out this

10% so that a steady—signal bias level of about 20% was maintained in the me—
V. circulating signal. (Note : This steady—signal bias level was determined by

the signal—regeneration stage •BC skitmuing level.) The results of this expemi—
ment for 100 recirculationg at a clock frequency of 1.1 MHz are shown in
Fig. 36(a) for the case without random noise added to the input and in Fig . 36(b)
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Figure 35. Power spectrum of external random—noise generator with

3—kHz resolution. Vertical scala: 10 dB/div .
Horizontal acale~ ZOO kRz/div.

for the case with random n~ise. The top trace in each oscillograph shows the
input signal applied to G~~ and the bottom trace shows the output signal after
100 times around the CCD loop (total delay TD 

— 23 ins).
In the case of Fig. 36(b) the measured input s/n — —5.5 dB and the inca— 

V

sured output s/n — +12 dB. Thus, using the c~.osed—loop low—loss CCI) as a
synchronous recirculating corralator, we have demonstrated an improvement in
the signal—to—noise ratio of +17.5 dU for 100 sunmiations of the signal which
is comparable to the theoretical limit of /i~

5’ö’ 20 dB. - 
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Figure 36. Operation of the 256—stage closed—loop low—loss CCI) at 1.1 MHz as

a synchronous recirculating correlator with continuous input (top
trace) showing the floating—gate output sumeation after 100 re—
circulations (bottom trace) : (a) without noise at the input ,
and (b) with noise added to the input signal.
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SECTION IV

SIMPLIFIED ANALYSIS OF THE EFFECTIVE TRANSFER LOSSES
IN A LOW-LOSS CCD

This section is a simplified version of the analysis presented in
Appendix 6. An expression for the effective (second—order) transfer losses

for a CCD operating in the low—loss mode in terms of the first—order transfer

losses of the same CCD operating with standard clocking is derived in this
analysis .

A. ASSUMPTIONS USED IN THE ANALYSIS

We are assuming that transfer losses in the low—loss buried—channel CCD
(BCCD) are dominated by the trapping of charge in the bulk—trapping states ,
i.e., the device is operating at low—to—medium clock frequencies where free-
charge transfer loss is not a significant factor. Furthermore, the low—loss
CCI) is operated with a large trailing bias charge , Q~~, (close to a full well)
placed in avery other stage between the signal charge, Q5. A repetitive signal

is assumed to be present in the form of a long string of “zeros” with charge

followed by a single “one” with charge Q~~. Th. signal charges, Q~ and
followed by their resp~.ctiva trailing bias charges, ~TBo 

and 
~TBi ’ transfer

in succession into and then out of the -same stage of the ECCI) containing bulk—
trapping states with a density Mt (ca 3]. A two—phase BCCD is assumed where
each clock period T

~ 
consists of a storage time T5 

during which the charge is

stored in the well and a transfer time TT during which the charge is being
transferred to the successive storage well. Let us assume further that the

bulk—trapping states can be represented with a single trapping state having a
density Nt (cm 3], a trapping time constant and an emission time constant
t .  We will assume that ‘r

T 
-cc and - c  

~~~~ 
This means that during the

storage time all of the charge—trapping states will, be filled in the volume
of the BCCD channel containing the signal charge , 

~sl 
or Q~~, or the trailing

bias charge, 
~~~

- ~~~~~~~~~~~~~~~~~ -
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B • FIRST—ORDER CHARGE TRANSFER LOSS

The trapping and emission of charge in the operation of the low—loss CCD V-
is illustrated in Fig. 37. As mentioned previously, the repetitive signal is
in the form of a very long string of “zeros” with signal charge Q50 followed
by a single “one” with signal charge Q51. At the input stag, of the CCI) (or

-~ - i~~~diate1y following a signal—regeneration - stage) the signal—charge levels

~so and Q51, and trailing—bias—charge level indicated by the dotted lines

in Fig. 37 are present . The solid lines in Fig. 37 indicate the corresponding
— charge levels following a single transfer along the CCD. register. Note that

L 

due to the first—order trapping losses the signal—charge levels increase, and
- - the trailing—bias—charge levels decrease correspondingly. We will now show
- 

- that to first order — — so that in a low—loss CCD mode the net
first—order loss for the sum charge packet 

~~~ — + is zero.

Our analysis is based on conservation of the total charge (mobile and

trapped) in the BCCD . The net change in the’ total charge contained within a
given volume V of the BCCD is equal to the difference between the charge ~
(initial) transferred into V and the charge Q (final) transferred out of V.

°
~~~~

‘i1IAoTBo 
- 

11180T50 QYSI .flIAQT,u
QTao _•_ — — — —— — — — — —- — ——  — —  —

_ IAQ5 
8QTB

JL çjit
~
oso 

_ _ _  _ _ _  _ H
Figure 37. Trapping and emission of charge in the operation of the

low—loss CcD.
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Jus t before Q (initial) enters , the BCCD well is essentially empty and con-
tains only the trapped charge ~~ (initial). Similarly , after Q (final) trans—
fers out of the well , only the trapped charge q~ (final) is present. There— - -

for., vs have ;

Q ( f i n a l )  — Q (initial) — q~ (initial) — (final) • (9)

For the transfer of the signal charge Q~ and the trailing bias chargs 
~TBo’Eq. (9) becomes:

— q~° (initial) - q~
° (fin al) (10)

and

6
~T3O — qTBO (initial) — q~~° (final) • (11)

Since the trapped charge 
~~ (initial) is the same as q~ (final), the net

change in the sum-charge packet Q5~~ — + Q~~ is:

— + 
~mo — q~° (initial) — q~~° ( f inal) . (12)

Let us calculate how much charge q~~° (final) is trapped in volume VTBO af ter
the trailing bias charge 

~~ o 
transfers out of the BCCD well. During the

storage time all of the trapping states in volume VTBO are filled , thus
trapping a charge of eNtVTBO from Q~~

0. However, during the transfer time T
T~~

L 

the BCCD is essentially empty and the trapped charges are re—emitted with a
time constant a~d join 

~mc, 
Thus, at the end of the transfer time the

bulk trapping stat es contain the net trapped charge:
- I

t -

~~ 
(f inal) e N~ VT~~ a • (13)

It is important to note that since the trailing—bias—ch ar ge level
larger than any previous signal charges, the trapped charge q~~° (final) given
by Eq. (13) is ia~~p.nd.nt of the preceding signals. Since the signal charge V.

is i ediat.ly pr eceded by another trailing bias charge 
~~~~~~~~~~ 

the initial

50
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trapped charge q~° (initial) in Eq. (12) is also equal. to q~~° (final). There-
fore, the net change in th. sum charge packet due to first—order losses is
zero :

- 

i

_ 
. 

~~SUM 
= 
~so + — o . (14) - 

~I 

-

- ;  Rsferring again to Fig. 37 , the first—order charge transfer losses

~so and ~~~ may be calculated from the trailing—edge fractional charge trana—- 
- fer loss c~~ as follows:

~so — — 

~ mo — 
~rE ~mo — (15) 

L

and - 
-

~~Sl 
- - 

~~TBl ~~~TE ~~T$O 
- - (16)

is measured from the increase in the first “zero” signal following a string
of “ones” when the CCD is operated with standard clocks and the -“zero” signal -

bias level is on the order of Q
~0
. -

C. SECOND—ORDE R CHARG E TRANSFER LOSS

As we discussed in the previous section , during each transfer in a low—
loss CCD, the signal charge increases by a small amount and the trailing
bias charge following the signal charge decreases by exactly the same amount.
However, we see from Eqs . (15) and (16) that is larger than and -

- therefore the trailing bias charge decreases more than the trailing bias ~- 
I

charge 
~TB1 during each transfer . This causes a step in the level of the

trailing bias charge at each transfer which has the value :

V ~~mO 
— 

~~~ 
— CTE (Qg,~ — Q~~) 

- (17)

We now assume that the first—order losses are sufficiently low so that

is essentially constant and independent of the number of transfers i following
- - - a signal—regeneration stage . Therefore , at the ith transfer, the difference

in the level of the trailing bias charge 
~~~ 

and will be:

A ~~ i6A i c ~~~~ — ‘ ~ ‘~ ‘18’‘
~TBO 

‘
~TBl 

TMTB TE “ISO ‘
~S1’ ‘ ‘

- 
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By following an analysts simil ar to that used to derive Eq. (12), we find that j
the change in the sum charge packet = 

~~Sl 
+ 

~TBl for a single “one”
following a string of “zeros” is:

— + 
~~TBl — q~~’ (initial ) - q~~

1’ (final) . (19)

Since th, signal charge is i~~~diately preceded by a trailing bias charge
the trapped charge q~1 (initial) is the same as (final). Thus,

Eq. (19) may be written as:

— q~~° (final) — q~~ ’ (final) . (20)

The charge loss in Eq. (20) has the same form as in the case of a CCD
with standard clocks having a string of bias charges followed by a single

~m1 charg. which is slightly larger. This allows us to write AQSUM in terms
of the leading—edge loss measured from the decrease in the f i rst “one”
signal following a string of “zeros” when the CCI) is operatid with standard
clocks and the “zero” signal bias level is on the order of QThO :

~~SUM 
— Ei~ ~~ 

— • (21) 
- 

V

Substituting Eq. (18) into Eq. (21) , we f ind the second—order loss for the sum—
charge packet during the ith tra~sfer following a signal—regeneration stage is:

AQsuM(i) = 1. 
~~~~~~~~ ~ so — 

~sl~ 
• (22)

Theref ore, the average second—order fractional transfer loss for n transfers
is:

~~ ia~ (i) I
i—I£2 — u(Q51—Q80

) (23)

or

n+l
~2 ~~~~~~~~ ~~~~~~~~~ (24)

I
52 4

____ ____________ 

I

L~~~.. 
~~~~~~ 

- ~~~~~~~. 

- 

iii I~T I  ~~ 
—s ~~ ~~ — ~~~~~~~~~~~~~~~ 

—
~~ ~—



D. OPTIMUM NUMBER OF TRANSFERS BETWEEN REGENERATION STAGES

Since the signal charge and trailing bias charge are combined at the
signal—regeneration stage in th. low—loss CCD, the combined charg. sees a
firs t—order loss due to bulk—trapping during two transfers at this point . For
a device having n transfers between signal—regeneration stages, the average
charge transfer loss due to the first—order losses at the signal—regeneration
stage is:

C1R = 2 • (25)

Adding Eqs. (24) and (25) we find that the total second—order charge transfer
— loss CTOT — C1R + £2 is a function of n:

CT0T(I1) = CLE(a + ~~~ 
(26)

It is evident from Eq. (26) that there is an optimum value, n0~~ for the
number of transfers between regeneration stages which will minimize the total

dcTOTtransfer loss. Setting the derivative 
dn equal to zero, we find:

~OPT — 2/ 1ç’ (2 7)

and 
- 

£TOT(mifl) - c~~ (~~~ + l/ ~~~~~~~~ )  (28)

for n >> 1. Typical values for as a function of are shown below:

~OPT

lxlO 4 200
- 

4 5xlO’5 282

2x10 ’5 447

lxlO ’5 632

t
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E. EFFECT OF S1GNAL—RE(~ NERATO1( PERFORMANCE ON SECOND—ORDER CHARGE
TRANSFER LOSS

Our study of the operation of the signal—regeneration stage (see
Section II I.D.E) indicates that the incomplete (bucket—brigade mode) charge
transfer taking plac. when the signal charge is skiumed from the trailing
bias charge produces a first—order loss c ~ 7x10

3 when we use a normal
clock pulse. The resulting modulation of the trailing—bias—charge level

by the signal charge causes an average second—order fractional charge trans—
fer loss per transfer of:

t2R — £~~~~~ £~~~~~~ • (29)

Therefore, th. total second—order charge transfer loss in this case is:
12 n+1

— 
‘,~
- + —r CTE + EBB) . (30) r

F. SAMPLE CALCULATION -

The following first-order charge transfer losses were measured on a TC1230
256—stag. CCI) operating with standard 2~ clocks at a frequency of 1.1 ~*1z :

— 2.lxlO’5

= l.OxlO 5

E
BB 

— 7x10 . - 

I

The leading—edge transfer loss was measured in a double pulse test with
20Z bias charge and a period of 250 us between pulses corresponding to the r e—
circulation period of the closed—loop CCD (cf.  Fig. 23). Substituting the

j above values into Eq. (30) yields a calculated value for the effective second—
order charg. trans fer loss of — 2.9x10 7 which compares to a measured
val ue of c 2.4xlO ’ 7  for the same device operating in the low—loss mode.
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SECTION V

CONCLUSIONS

To verify the proposed low—loss CCD concept we have designed , fabricated,
and tested 256—stage and 1024—stage closed—loop CCD structures that can be

operated in the low—loss CCD mode by periodic signal regeneration. With these

two devices operating in the low—loss CCD mode we have demonstrated a reduction
in the effective charge transfer losses by two orders of magnitude. While the
typical transfer loss of our standard buried—channel CCI) is about 2xlO~

5 per
transfer, in the low—loss CCD mode we have achieved a transfer loss of 2.5x10 7

per transfer. In fact, in the case of the feed—forward—compensated signal

regenerator we have observed a transfer loss as low as 4.5x10 8 per transfer.

We have demonstrated that by operating the closed—loop low—loss CCDs with
a dark—current subtractor in the 1oop we can eliminate the effect of the dark

current for very long delay times. We have stored a signal in the loop for

up to 10 s during which an estimated 20 full wells of thermally generated

charge were subtracted from the loop. The noise generated by the dark current

tends to saturate at a low level maintaining a s/nm = 54 dB independent of

- - 
the recirculation time.

We have developed a t’apping—loss model for the operation of the low—loss

CCI). On the basis of this model we have derived a simple formula for pre-

dicting the transfer loss of the low—loss CCD on the basis of transfer loss

data for a standard buried—channel CCI).

The closed—loop low—loss CCI) was operated as a synchronous signal cor—

relator. With 100 signal recirculations we have demonstrated an improvement

in the signal—to—noise ratio from —5.5 dB to 12 dB.
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APPENDIX A

LOW—LOSS CCD TEST SYSTEM

A. GENERAL DESCRIPTION

The electronic tester for the TC1230 closed—loop low—loss CCD consists
of a power supply and control logic. A description of the hardware is given
below:

1. Power Supply

The power supply provides the dc biases needed to operate the device.

The clock waveform amplitude and ec bias, and dc potentials applied to the
chip may be varied by means of the front panel controls which are shown in
Fig A—l.

The front panel digital meter may be used to monitor any of the 14 ad-

justable voltages provided by the supply. Spares are provided for two addi-
tional voltage settings. The voltmeter selection is made by the combination
of the 8—position rotary switch labeled “BIAS SELECTOR” and adjacent toggle
switch labeled “UPR” and “LWR” . The LED lights located above the voltage

controls identify which column the voltmeter is monitoring. Either the upper

or lower control of a particular column is measured depending on the position

of the toggle switch. Below the front panel, adjacent to the fuse, is a set

of panel BNCs for the MASTER CLOCK (external source pulse generator——Tm

level), TRIG OUT, D’LY TRIGGER and a +5 V supply. The signals and dc biases

are connected to the control logic by means of a 36—pin cable.

2. Control Logic

The control logic consists of two wire—assembled printed—circuit boards

labeled “PULSE GENERATOR” (Bl) and the “MOS CLOCK DRIVERS, CLAMPS and S/H”
(32) as shown in Fig. A—2. lii supplies the logic waveforms (TTL level) which

are then inverted and translated to variable amplitude clock waveforms on

board B2. H
H
‘1
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The pulse generator board has two trimmer pots which are used to adjust

the pulse width of ~~~~~~ and DCS1,DCS2. Two modes of operation for the

DCS1,DCS2 pulse may be selected using the miniature toggle slide switch .
Sliding the switch to position +5 V, will generate DCS1,DCS2 pulses at the

clock rate and sliding it to point A (P—type flip—flop Ul —— pins 2 and 6),
will generate DCS1,DCS2 pulses at one—half the clock rate. This allows one

to subtract charge from both the signal and trailing bias or just the trail—

ing bias , respectively .
The ~~S Clock Drivers, Clamps and S/H board (32) have nine variable

dc bias supp lies labeled VOU~ 
VDD. VI)1, ~~~~~ 

V$R. VThT, V,pG. V5~~ and
These bias supplies are seldom adjusted once set to the operating

level. Test points are provided on each supply to measure the bias level.
A miniature toggle slide switch adjacent to the 40—pin test socket is pro—
vided to s~lect signals for G1B: either VBC or G1~ . Test points for S0~~1

’,
S0~~~’ (which are the floating—gate outputs). .and NOISE IN are also provided
and labeled. Above the 40—pin test socket are two miniature switches (7020
series DIP—type by AMP) designated as SW#1. and SW#2. These switches control
the signal—r egeneration stages and select either standard two—phase or Low—
loss clocking. For standard two—phase clocking gates •RGS’ •RGT’ •BCS’ and

•BCT are driven by the 62 clock waveform. For low—loss mode operation gates

are driven by •RG and gates •BCS’ •3~~ are driven by •BC as shown
in the timing diagram Fig. 17.

Adjacent to boards 31 and 32 are the “TOTAL DELAY”, “LOOP SIZE”, and
“SOURCE STROBE A” switches which are chassis—moimted as shown in Fig. A—3 .
The “TOTAL DELAY” switch (labeled from 211 to 220) selects the number of clock
cycles during which the closed—loop CCI) is recirc latin~ (i.e., the total
period between Loop Cycle 0 and Loop Cycle N) -. The “LOOP SIZE” toggle switch
has two positions, either 256 (256—stage CCD —— TC123OB) or 1024 (1024—stage
CCD —— TC123OA) • Adjacent to the “LOOP SIZE” switch ii a toggle switch
labeled “SOURCE STRODE A” (S LA) which has two positions , either “NORM” or
“CONT” . In normal operation “NORM” , S~~ is gated with GATE B and will gen-
erate pulses only during the initial loading of the CCD loop during Loop

— Cycle 0. In continuous operation “CONT”, S~~ will generate pulses continuously
which allows one to add new signals to signals already recirculating in the
loop.
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A panel ENC connector labeled “INPUT DATA” is located at the left front
side of the control logic chassis, where input data is applied from a separate
external pulse generator (TTL level).

B. TC1230 CCD TESTER CIRCUIT DESCRIPTION 
. 

-~

Block and detailed schematic diagrams for the TC123O CCD Tester are
shown in Figs. A—4 — A— i . Referring to the Pulse Generator board Bl schematic
shown in Fig. A—6, all of the timing waveforms are derived from the external
master clock input (Tm level). The TTL levels are then translated to variable
amplitude clock wavefor ms using MH0026 clock driver ICs located on board B2
(see Fig A—i) . The duty cycle of the master clock should be approximately 50%.
The clock (CLK) which is divided down by 2 from the master clock is applied to
the synchronous 20—stege binary co~~ters U9—U12 and UlS (all are 74LS161) which
control the timing for the CCD. (NOTE : Only the last 10 stages of the counters
are utilized individually to count from 211 to 220 clock cycles) . At the be—
ginning of Loop Cycle N the TOTAL DELAY selected by the rotary switch is used
to clock the D—type flip—flop U8 (pin 5) high which switches the output of the
NAND gate U? (pin 6) law until a period of 256 or 1024 clock cycles (determined
by the LOOP SIZE switch) is completed . During this time, $ will be pulsingFDT
which clocks signal charge out ot the CCD loop via the floating diffusion. At

CLOCK I CONTROL CONTROL LOGIC I -I (PULSE GEN.) i LINES

4 - 
S1UPULSE GENERATOR
S2 • MOS CLOCK DRIVERS. CLAMPS

AND S/H
MASTER
CLOCK POWER 

- ____ ________ _____________

SUPPLY SOUT r (TP) SOUT2 (TP)
CONTROL

INPUT DATA 
CH. I CH. 2

INPUT DATA -

(PULSE GEN.) OSCILLOSCOPE
TRIG OUT

Figure A—4 . TC1230 CCD tester block diagram
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the end of Loop Cycle N, the output of NAND gate 137 (pin 8) will go low and
reset the D—type flip—flop 138 (pin 1). Approximately 40 na later, 138 (pin 11)
is clocked and the output Q of 138 (pin 9) remains high, which forces GATE B
low until the loop size period has elapsed. The rising edge of GATE B is then

sensed by the NAND gate 137 (pin 12) and inverter U6 (pin 9), at which time the

D—type flip—flop 138 (pin 13) will reset for approximately 30 us. The reset

pulse width applied to U8 is determined by the three cascaded inverters U6.
— Also, GATE B is inverted and buffered to provide the main trigger output start—

ing at the beginning of Loop Cycle 0. is generated to recirculate sig-

nals in the loop when the output of NAN D gate 137 (pin 6) is high, which is the
case except during Loop Cycle N. and its complement •2 are generated from

the CLK pulse and are both delayed relative to •~~ (which is generated from

the master clock) in order to prevent edge race conditions in the CCD regenera-

tion stage. $~~ is generated by gating the CLK pulse with the output of D—type
flip—flop Ui (pin 6), which has twice the CLIC period. S/HOUT , ,DCS2,

and ~~~~~~ are all, derived from the dual one—shot U2 —— 74LS123 which
provides adjustable pulse width for these signals. DCS1,DCS2 can be generated
either at one—half of the clock rate or at the clock rate 

~~~~~ 
depending on

whether the input for NAND gate U7 (pin 1) is connected to A or +5 V

respectively.

The schematic for printed—circuit board B2 is shown in Fig. A—7. This

board contains MOS clock drivers (MNMOO26) and output clamps to obtain the re—

quired pulse amplitude and dc bias for the various waveforms which drive the

TC123O CCD. Sample and hold circuits for the floating gate output S0~~1 and

S0~
_~2, which use 3Nl38 I4DSFET sampling transistors and source followers, are

included on the board to reduce c’ “ck noise at these outputs.
Table A—i lists the function of all the adj~stable bias voltages supplied

by the CCD tester. The adjustment range for each control, as well as nominal
- - values for operating the TC123O CCD in the low—loss mode are also listed.

The wiring connections between the power supply cable and the two printed—

circuit boards are shown in Table A—2 . - 
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TABLE A-i. BIAS ADJUST~~NTS

Nominal Valus Bias Range
Control Function (Volts) Iyolts)

Ri. VD1* ~~a Output Drain +15 0 to +20
12. ~~~~ Input Data Amplitude + 2.3 0 to +20
13. VS Source Strobe Bias (S

~~
,Sil) +16 +10

R4. 
~BCR Bias Qtarg. Pulse Amplitude 

~•BC~ 
+12.6 0 to +20 

V. 

- 

-

13. V~~~ Main Clock Amplitude 
~‘~‘ 2’

1G’ TDT ’ i~sc’ G3, FG2) +10.0

16. V~~* Output Transistor Drain +13
17. ~ ~~b Reset Source Bias + 3.0

— R8. V~~1 FG1 Transfer Gate Amplitude + 6.5
19. ~~~~ DCSC Pulse Amplitud e +18.5
RiO. VST Storage Gate Bias (S) 0.0 —10 to +10
RU. VT? Transfer Gate Bias (T) — 4.2

112. V~~ Input Data Bias (G~~) + 3.0
113. V3~ Trailing Bias Level (G11) + 1.5
114. V6~~ FG Reset Gate Bias — 2 .0

113. V,~~51 DCS1 Gate 3ias — 2.3
116. ~~~~~ DCS2 Get. aias ‘ — 3.4
117. V~~~* FD Transfer Gate Bias — 3.0
Rl8. V61* FD Reset Gate Bias + 5.0
R19. V6~~~* Recirculate Gate Bias — 3.0
120. V~~ Input Storage Well Bias + 3.2
121. V0~~ FD Output dc Gate Level +20 0 to +20
122 . V5~~* Bass Substrate + ~ 0 to +20
123. V5,~* Sample and Mold dc Bias — 6.2 —10 to +10

NOTES: *Desi$nat.s Trim-Pot mounted on board 52. 4 .
~~~~ Floating Diffusion

~~~ floating G*te 
*CDCS Dark—Curr en t Subtractor
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TABLE A—2. CCI~NECT0R PIN ASSIGN)~ NT LIST

36—Pin PC Board 31 PC Board B2
Cable Connector 44—Pin Edge 44—Pin Edge

Fun ction Pin # Connector Pin # Connector Pin #

+20V 1 - E

+1QV 2 
- 

C

• +5 V (Tr1..) . . . . . . . 3 . . . . . . . 22 . . . . . . . 5
— b y  4 22

~G1A
VS . . . • . . . . . . . . 6 . . . . . . . . . . . . . . . . . D

~BCR 
H

8 7

~FG • • • . . . . . . . 9 . . . . . . . . . . . * . . . . . W

~FG1 10 16
VDCS 

• . . . . . . . . . . . . . . . . .

~TP ta 21

13 2

1,4 . . . . . . . . . V

~,DCS1 15 P

V
•~~~2 

16 R

V . . . . . . . . . . . . 17 . . . . . . . . . . . . . . . . . Y
19 B & Z  Z

- - V,PG
VPDT . . . . . . . . . . . . . . . . . . . . . 1?

v6. TP

V.

. V
~1~~ 

TP

v~11 
. . . . . . . . . . . . . . . . . . . . . . . . TP

VSUB 1?

“Dl 
h1~~

VDD . • . . . . . . . . . . . . S • • . . S • S S S S S TP
VOUT
5OUT1
bOUT2 ’ S 5 • S 5 S S S S S S S S S * S • • S S S S S TP
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TABLE A—2. CONNECTOR PIN ASSI(~4NNNT LIST (cont inued)

36—Pin PC Board Bl PC Board B2
Cable Connector 44—Pin Edge 44—Pin EdgeFunction Pin 0 Connector Pin 0 Connector Pin #

S2’ 14

140 A
I—.—.-— 

* . . — . . . . . . . . S • S S S S • * . 11 . . . . . . . B13

1. 1 S
- I13 T

9 LBC • • S 5 5 5 • • 5 . . . . . . . w

12 6

,
~~

,,R 6 8

cR.#16(~~) 
V~~ 

• . . . . . 13 . . . . . . . 9 t~.9 L

P K —

17 . . . . . . N

INPUT DATA (EXT.)* 
1,

S/R OUT 4 12

MASTER CLoCK (gx’r.)*...~~~~~ j, 10

D’LY TRIG OUT* 25 A

28* ‘f 
V.

102 • • • S S S • S • S S S S S S S • S W —

NOTE: 0 Normal or continuous selection (SPDT SW—Cha ssis Mounted) ——refer to final schematic for PIN OUT .
* 50 ~ coastal, cable connector.
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~TA3LE A-2 C0~~ECT0R PIN ASStGN~WNT LIST (continued)

36—Pin PC Board 31 PC Board 32Cable Connector 44—Pin Edge 44—P in EdgeFunction Pin 0 Connec tor Pin 0 Connector Pin 0
211* v
2]2*

213* 
T

2]4* s
215* 

1 -

216*. . . . . . . 
*

217* K

218* 
L

219*, S _ S ~. S • • * . K
TRIG OUT* 23 15
TOTAL DELAY
SELECTOR
POLE TERMLNAL* 16

LOOP SIZE
CENTER POLE* . .  . . . . . 18(SPDT SW)

V. BIAS SPARE #]. 36 19
BIAS SPARE #2 18 20

4 
Note: *50 ~ coaxial cable connector.

I S
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APPENDIX B

ANALYSIS OF THE EFFECTIVE TRANSFER LOSS IN
A LOW—LOSS BCCD DUE TO BULK—TRAPPING STATES

In this analysis we assume that the low—loss BCCD is operated with a

trailing bias charge Q,1~ which is larger than the signal charge Q5 in order •
to obtain minimum effective transfer losses. We also assume that the clock

frequency 
~~ 

is below the point where free charge transfer is a limit ing
factor so that transfer losses are dominated by the interaction of and

with the bulk traps in the buried—channel region. Part A provides a

brief review of the Schottky—Read—Rall rate equation describing bulk—trapping
states. In Part B we derive equations for the first—order transfer loss of
AQ and and show that although charge is redistributed between Q5 and

due to bulk—trapping, to first order there is no net transfer loss for
the sum-charge packet Q~~ ~S + The analysis of the effective trans-
fer loss for ~~~ due to second—order transfer losses i. presented in Part C.
In Part D we consider the effect of the interaction of multiple bulk traps
having different energy levels. An expression for the second—order transfer . - ,

loss with closed—loop operation is derived in Part E. In Part F the charge—
transfer losses due to the signal—regeneration stage are discussed, and a
sample calculation based on measured data is shown in Part G. The following
analysis is based on the bulk trapping model for buried—channel CCDs described
by Mobsen and Tompsett t6].

.4
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Glossary of Symbols

E energy level of bulk trap below conduction band

k Boltzmann’s constant

-
- 

- 
N
~ 

effective density of states in the conduction band [cm ”3]

ne density of mobile electrons (C/cm3]

Nt density of bulk—trapping states (cm ’3]

n
~ 

charge density of filled traps (C/cm3]

total trapped charge (C]

Qs signal charge level [C]

~TB 
trailing bias charge level (C] V.

Q50 signal charge ‘zero’ level (C]

Q51 signal charge ‘one ’ level (C]

~Tgo 
trailing bias charge level following Q50 (C]

~TBl trailing bias charge level following 
~~ 

(C]
- - 

~sui.t 
sum charge packet ~5 + ~TB

Ts storage time (s]

TT transfer time (s]

clock period (a] 
-

t’ free-charge transfer time [a]

bulk state emission time constant (a)

bulk state trapping time constant (a)

volume occupied by signal charge 
~~ 

[cm3]

VTB volume occupied by trailing bias charge 
~TB [cm

3)

v~h average the rmal velocity of electrons (cm/a]

a bulk—trap capture cross section (cm 2]

-

- 
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A. BULK-TRAP OCCUPANCY

The interaction of minority carriers in the BCCD charge packet with . -
.

bulk traps is described by the Schottky—Raad—Hall rate equation: V

— - 
~~~~

. S (B—l) 

1~
where the trapping time constant is:

— 1/a Vth ne (3—2)

and the emission time constant t is:

— 1/a v
~h 

N
~ 
e
I
~
T 

(B— 3) - 
-

The equilibrium charge density of filled traps may be determined from
dn

Eq. (3—1) by setting ~~~~~~~~~ — 0. Solving for n~ we obtain :
eN~

— .t (5—4)

te
The total trapped charge 

~~ 
in a volume V5 is given by:

q — f  n dv . (B—5)t VS t

For most traps of importance, T~~ << T
e~ and if we assume n

~ 
is essentially 

-

- -

-constant over the volume 
~~~~ 

Eq. (3—5) reduces to: - 
- :

— r~ V~ ~d e Nt V~ . (5—6)

B. FIRST—ORDER CHARGE TRANSFER LOSS ANALYSIS V.

In general , the change àO~ in a signal charge Q5 due to interaction with -

bulk traps during a single transfer can be determined by comparing the initial

state of the traps 
~~ (initial) in the CCD well before the signal charge enters

-

. 
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with the final state of the traps 
~~ (final) after the signal charge has trans—

f erred out of the region of the CCD. Since charge must be conserved, we have:

~~ 
(initial) + 

~ 
(initial) — Q5 (final) + (final) (B—7)

or

V 
AQ5 — — — ~~~ 

(initial) — 
~~~ (final) • (5—8)

During the storage time T
5 
while the signal Q5 (which occupies volume Vs) ~

present in the CCD veil, the bulk traps contained in that volume are filled
to a level of — n~ Vs• During the initial short transfer time t ’ (when
most of the charge transfers out of the well) the traps remain filled. How—
ever, during the remaining transfer time TT’ — TT

_t ’ the BCCD is essentially
-

- - empty and the trapped charges which are emitted with a time constant r can

join the signal charge. At the end of the transfer time, the trapping states

contain the net trapped charge: —T -

T
1’- 

— nt V~ e 
e 

• (3 9)

We now consider the case of a low—loss CCD with an input data pattern

containing a single ‘one’ signal charge Q~1 which is preceded by a string of
‘zero’ signal charges Q~~. A trailing bias charge 

~TBO 
follows each signal

charge Q~~, and a trailing bias charge follows the signal charge Q51.
(This analysis also applies to the leading ‘one’ signal charge of a string of
‘ones’). We will now calculate the first—order transfer losses 4

~so and

~~T3O 
per transfer and show that their sum 

~~SU14 
— AQ~~ + 

~~TBO is identically
equal ~o zero. (In Part C we calculate the first—order losses and

~~TB1 
in which case the sum — AQ~1 + 

~~TBl
4 
is not equal to zero and

exhibits a net second—order transfer loss).

Calculation of

— q~° (initial) — q~° (f inal) ; (3—10)

- T

q~° (initia l) n
~ VTBO e 

Te ; (B—il)
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TT’ ~

.(T
s+TT)

(final) — xt
~ 
V~0 e + 

~ ~ TB0
’
~ SO~ ~ 

T~ 
e 

Te (3—12) 
. 

-

,

Note that Eq. (3—12) contains two terms. The first term is due to traps
located in the center volume V~0 which remain filled during the storage time
Ts and emit trapped charge only during the final transfer time TT’ - TT~t ’.
The second term is due to the edge volume VTBO

_V
SO which has an initial trap

T~T’

occupancy of n
~

(V
~~o

—Vso) e and emits trapped charge during the entire - . 
- 

-

period TS*TT. Substituting Eq. (B—il) and (3—12) into Eq. (3—10) we have:

V -Tx
’ 

(— n~ (VTBO~Vso) e 1 — e (B—13)

In a similar fashion we calculate as:

— q~
30 (initial) — q~~° (final) (B—l4)

where

qTBO (initial) - q~° (final) (See Eq. 3—12) (B—iS)

and -

Thus 

~~~~ (final) — 

~ 
V
~~0 

e . (B—16)

-Tt’ ( -(TT+TS)\

— — nt (VT~~~V~~) e 
re k~. 

— 
~~ 

~~ ) (5-17)
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Comparing Eq. B—li and Eq. B—U, we see that there is no net change in the sum
charge packet Q5~~ during the transfer:

~~
SUM — 

~~SO + — 0 • (3—18)

Therefore, during the transfer operation in a low—loss CCD the signal
V. charge increases by a small amount due to charge trapped from the

preceding trailing bias charge near the edges which is re—emitted into the

signal charge. The trailing bias charge 
~TBo 

which follows the signal charge

decreases by exactly the same amoun t (—~Q~~
) because it refills the edge

traps that emitted charge into

C. SECOND—ORDER CHARGE—TRANSFER LOSS ANALYSIS

In this section we calculate the first—order losses AQ51 and ~~TBl 
which

leads to a result that the sum—charge packet in this case — +

does see a net second—order loss. 
- 

-

— q~
1’ (initial) — q~

’ (final) ; (3-19)

q~ ’(initial) — nt VTBO e 
e (3—20)

~
TT

’ 
~
TT

’ _ (T
s+TT) .

q~~(final) 1
~ s1 e 

e + 
~t

(VTBo_Vsl) e e e a (3—21)

““TT
’ 

( 
-(T

T
+T

S)\  -

— n
~

(VTBO—VSl) ~ 
T 

‘
~i 

— e 
‘

~~~~ ) (B—22)

~~~ TBi is calculated following an analysis similar to the calculation for
as fol1ows~

— qTBl (initial) — q~M (final) ; (8—23)

i-
V. 
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L
T 

-
~~~~

TEl r • 
re Ta (3—24)

~~ (initial) — n~V~1 ~ + 
~t~’mo ”sl~ ~

lV.T

TB1 Ta - (B—25)
~~ (final) — ntVTB1 e

- 
•V..T I TT ~

(TS+TT)
T - ‘re ‘r~ . (B—26)

~~TB1 — nt (Vsi_V
mi) e + n

~
(V
~~0

_V
51) a e

The change in the sum charge packet in this case is found by adding

Eqs. (3—22) and (1—26):

T

~ suM ~Q~1 + 
~~TBl — a (VTBO

_V
TB1) • (B—27)

The expression for in Eq. (3—27) may also be derived in a simpler manner

by noting that

f~Q — [q
Sl (initial) — q~~ (final)] + [q~

31 (initial) — qTBl (final)] (B—28)

and since q
~
3 (final) — q~~

1’ (initial) this reduces to

— q~~ (initial) — q’~
51 (final) . 

V. 
(3—29)

In other words, ~Q5~~ depends only on the initial state of the bulk traps
before Q51 enters the CCD well and the final state of the bulk traps after

transfers o~ft of the CCD well.
I diat.iy following a signal—regeneration stage in the low—loss CCD,

~rio 
and are exactly equal so that the term VTBO

_V
TB1 in Eq. (3—27) is

negligible. During each subsequent charge transfer down the CCD delay line
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the volumes VTBO and VTB1 both decrease due to the first-order charge—transfer
losses and 

~~TBl’ respectively. However, since 
~TB0 

is decreasing
faster than 

~Th],’ 
a charge difference 

~~31
—
~~30 

builds up on the trailing
bias charge level which is proportional to the number of transfers I following
the regeneration stage. It is this charge difference 

~‘rsi~~’rso 
which causes

the nonzero second—order transfer loss in Eq. (3-27) since a corresponding
volume difference VTBQ

_V
TB1 is present in the buried channel well.

- In order to evaluate the term VTBO
_V

TB1, we assume that the volume occupied
by mobile charge carriers is linearly proportional to the size of the charge
packet, which is a good approximation for relatively large signals in a BCCD [6].
Thus, -

VTBO 
— VTB1 — 

~iQ ~ TBO — 

~~TBl~ 
(3—30)

where ‘~! is the proportionality constant relating the volume to charge.
In general, during the I transfer following a signal—regeneration stage

the magnitude of Q,~~ and 
~TBl is given by:

Qmo(i) - ~TB0~0~ + 
~~~~~ B0 W (3-31)

- 
~TB1~

0
~ 

+ E 
~~~~~~~~ 

(B-32)

- - where QTRO(0) — — is the initial value of the trailing bias charge
er-tablished in the signal—regeneration stage. Combining Eqs. (3—31) and (B—32).

- 

- 

~~~~~~ 
- 

~TBl~
1
~ 

- 
~~1[~

QTBO(i) - ~
Q
~~
(i)]. (B-33)

- The term — 

~~TB1 can be evaluated by substituting from Eqs. (3—17)
and (3—26) and rearranging terms to obtain:

~~
T

T
’ _ (T

T+TS)1

- ~~mo — 

~~TB1 
— n

~
e [v50 - VS1 + VTB1 VTB0 ) + (Vs1 - Vso) e 

e j
(3—34)
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We now make the assumption that the first-order losses are sufficiently

low so that for the purpose of evaluating Eq. (3-34), (VTE1
_Vmo) << (V~~~V~~)

and is thd.pend.nt of the number of transfers i. With this assumpt ion,
Eq. (3—34) becomes:

~~T (  
_ (T

~
4Ts

))
E — 

~~r~i ~t ~~so — Vsi) ~~ 

e 
— e e 

• (B 35)

Combining Eqs . (3—27), (3—30) , (3—33) , and (3—35) we obtain an expression
for the second—order trapping loss during the jth transfer :

_q. I
T

— i n~ e ~~ 
• (B—36 )

For a low-lose CCD which has n transfers between regeneration stages , the total
second—order trapping loss t~Qs~~ (tOt) following n transfers can be expressed
as :

U 
I

E ~QsuM(i) — (l+24...4n) 
~~~ ~~ ~~TB (B—37)

or

~Q~~~(tot) - 
n(n+l) 

n~ e ~~ 
6
~TB (3-38)

Finally,’ the average second—order fractional transfer loss
C

2 
— sui(t0t)

~’~ Qsi_Qso) is given by:

£2 2(Q81 Q80) ~ 
~~~~~ 

~~ 
6QTB (3—39)

In view of the niniiber of assumptions which were made to simplify the foregoing

analysis , some of the factors which limit the accuracy of Eq. (3—39) should be
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considered. We have implicitly assumed that the trap occupancy n
~ 
given by

Eq. (3-4) is constant throughout the volume occupied by the charge packet.
Actually, the value of n~ near the edges is lower since the free charge density

is lover at these points, which increases the trapping time constant ‘r e.
In addition , in the transfer regions of the CCD as the free charge sweeps by,

there is a filling probability F for the bulk traps which also reduces the
value of in these regions. As a resul t , the second —order transfer loss
£2 given by Eq. (3—39) using a value n~ — et

~t represents a ‘worst case ’ value
which we have found to be typically about 2 time. higher than experimentally
measured values.

D. INTERACTION OF MULTIPLE BULK—TRAPPING STATES

The analysis in Part C for the second-order trapping loss was based on a
single bulk—trapping state model. In a buried-channel device with multiple
bulk—t rapping states, the interaction of these states must be considered to
determine the second—order losses . For a device having m bulk—trapping states
with energy levels E1 to ~~ we can modify the expression for in Eq. (3—35)
to:

E ~TT’ I _ _ _ _ _ _

te(E) I ~ (E) I
— (Vso_Vs1) C 11 • ~ J • (3-40)

E.’E1

The fractional transfer loss given by Eq. (3—39) is modified accord ing to:

Em 
_____

+1 r~ (E) 
~~£2 — 21

~sl~~so~ E E 1 
n
~(E) e ~~~ 6Q~~ . (3—41)

E. SECOND—ORDER TRANSFER LOSS FOR CLOSED-LOOP OPERATION

When the low lose CCD is recirculating with a loop cycle time (i.e.,

total t ime around the closed loop) TL which is comparable to a bulk—trap
emission t ime constant i~~, then the bulk traps in th. edge volume (VThl

_V
TRO)

do not completely empty in the time Tt. As a result, less charge is trapped,
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and Eq. (1—27) must be modified to:

T

~~ 

T~ 
- .e](VT3o

_v
T3l) • 

(B-42)

Using this result in combination with multiple bulk—trapping states results

in a second—order fractional transfer loss of:

£2 - 2
~~SL~~S0) 

~~~l 
~~~~ 

[e~~~

’ 

- 

:~] 
~~ 

6
~TB 

(3 43)

where i~ given by Eq. (3—40) .

F • CHARGE—TRANSFER LOSSES DUE TO SIGNAL—REGENERATION STAGE

As discussed in Sections IV.D and IV.E , the signal—regeneration stage

introduces the additional transfer losses £lR and £ 2R (see Eqs . 17 and 21
Section IV) which must be added to the second—order lose tTOT• The leading—

edge transfer loss used to calculate tlR and t2R may be expressed in

terms of the bulk—trapping states as:

B T ’  T i

— nt c~~ 1. r5(E) 
— e 

Te (E) 
j ~V (3 44)

The trailing—edge transfer loss may also be expressed as:

— A (3—45)
“SI “SO

where 8
~T3 

is given by Eq. (1—40). Therefore the total second—order charge

transfer loss is given by (cf. Eq. 22 Section IV):

• 
~TdE (~ 

+ a~ + £33) 
(1—46)

where i~ defined by Eq. (3—44), tTR is defined by Eq. (3—45) , and is

measured as discussed in Section IV.E.
86

- -  
.‘

—~ — — . ,

— -.~—~—- . ~~~~~~ 
— —-s— ~~~~~~~~~~~~~~~~~~~ 

• — - • ~~~ ‘, 4.
-~ ~~~~~~ ~~~~~~~~~~~~~~ ~~~ ..L ~~~~~~ ~~~~~~~~~~ ,~~~~ ~~, ________



~~~~
- . - -‘--- .~~~~~

_
~~~~~~~~~~~~~~ 

-
~

—
~~ -—,—-~~-‘~~ .. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.Iuuu ~~~~~~~~~~ -~~ - __ , _~~__ ~ • —~~~~ ~~~~~~~

I
G. SAMPLE CALCULATION

Our data (see Section III.C) indicated the presenc e of two bulk—trapping
states in the TC1230 BCCD with the following densities and emission times:

— 5.8 x io
_8 

C/cm3

T~ (E1) • 5.6 is

— 5.8 x 10 8 C/cm3

— 750 ~~

For the case of a TC123O 256—stage CCD operating at 1.1 MHz, the following
parameters were measured:

Q50 — 3.6 )( lO~~ c

— 9.6 ~ XO~~~ ~
TT ’ — Ts — 0.45 US

—3• 7 x l O

A value for of 5x102crn3/C was estimated based on a buried—channel
layer depth of 0.5 um, and a storage area of 25 i’m x 10 urn. Substituting

these numbers into Eqs. (B—44), (3—45), and (3—46) we obtain the calculated
values of — 3.4Sxlcf

5, CTE • O.4xl0 5, and — 4.lxlO 7 The measured
transfer loss for this device operating in the low—loss mode was 2.4x10 7.
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